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1.	 The	 domestication	 of	 crops	 in	 the	 Fertile	 Crescent	 began	 approximately	
10,000	years	ago	indicating	a	change	from	a	hunter-gatherer	lifestyle	to	a	seden-
tary,	agriculture-based	existence.	The	exploitation	of	wild	plants	changed	during	
this	 transition,	 such	 that	 a	 small	 number	 of	 crops	were	 domesticated	 from	 the	

















5. Synthesis.	Overall,	we	show	that	 the	maintenance	of	a	high	harvest	 index	under	
competition,	 the	 packaging	 of	 seed	 in	 large	 tillers,	 and	 large	 seeds,	 consistently	
distinguish	crop	progenitors	from	closely	related	wild	grass	species.	However,	the	













change	 in	human	society:	 the	 transition	 from	subsistence,	based	on	
hunting	and	gathering,	to	an	agricultural	way	of	life.	The	mechanisms	
through	which	this	critical	transition	occurred	are	debated	(e.g.	Abbo,	








vides	 useful	 insights	 into	 the	 important	 question	 of	 how	 and	 why	
agriculture	 originated	 (Price	 &	 Bar-	Yosef,	 2011).	 Recently	 there	 has	
been	increasing	recognition	that	research	into	fundamental	ecological	
concepts,	 such	as	 the	evolution	of	 crop	 traits	during	domestication,	
















not	 (hereafter	named	“other	wild	species”)	 include	 intentional	selec-
tion	by	early	farmers	on	the	basis	of	traits	that	were	deemed	desirable,	
and	 unconscious	 selection	whereby	 crop	 progenitors	 out-	competed	
other	wild	 species	 in	environments	 influenced	by	people,	 increasing	
the	 probability	 that	 they	would	 be	 harvested	 and	 cultivated	 (Abbo	
et	al.,	2014;	Cunniff	et	al.,	2014;	Fuller	et	al.,	2012;	Zohary,	2004).
Long-	held	 assumptions	 about	 the	 origins	 of	 agriculture	 in	 the	






genitors	were	 estimated	 to	 have	 a	 higher	 potential	 seed	yield	 than	
other	wild	 species	 (Cunniff	 et	al.,	 2014).	 Conversely,	 a	 study	which	
directly	studied	yield	using	a	larger	number	of	species	found	that,	al-
though	crop	progenitors	did	have	larger	seeds	than	other	wild	species,	
this	 did	 not	 translate	 into	 a	 greater	yield	 per	 plant,	 or	 even	 greater	
above-	ground	biomass,	when	plants	were	grown	individually	without	

















energetic	 value	 relative	 to	 harvesting	 and	 processing	 costs	 (Parker	




Mohlenhoff,	 Coltrain,	&	Codding,	 2015;	 Smith,	 2014;	 Zeder,	 2014).	




land	could	 lead	 to	a	greater	quantity	of	 stored	grain,	 including	seed	







occupy	space	and	capture	 light,	 thereby	compensating	for	 low	plant	
densities	 (Evans,	 1959;	 Sadras	 &	 Slafer,	 2012).	 Conversely,	 at	 high	
densities,	 yield	 increases	 are	 halted	 by	 tiller	mortality	 and	 competi-
tion	for	space	and	 light	 (Weiner	&	Freckleton,	2010).	Previous	work	
on	 Fertile	 Crescent	 grasses	 has	 shown	 that	 cereal	 crop	 progenitors	
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development	and	life-history	traits,	seed	size,	yield
     |  3Journal of EcologyPREECE Et al.
produce	fewer	tillers	than	other	wild	species	when	released	from	com-




duction	 to	be	 less	pronounced	 in	general,	enabling	 these	species	 to	
potentially	grow	together	more	densely	(see	Figure	1).
To	measure	the	harvest	traits	of	Fertile	Crescent	grasses	grown	
under	 intraspecific	 competition	 and	 calculate	 their	 yield	 per	 unit	
ground	area,	as	experienced	in	wild	stands,	we	established	a	green-
house	 experiment	 with	 13	 species	 of	 grasses.	 These	 consisted	 of	
cereal	 crop	 progenitors	 and	 other	 wild	 species	 found	 at	 hunter-	
gatherer	sites	(Preece	et	al.,	2015).	We	used	two	ways	to	standardize	
our	comparisons	of	total	seed	production	(reproductive	output)	per	




genitors	would	 be	 reduced	 less	 by	 competition	 than	 that	 of	 other	
wild	 species;	 (3)	 the	 harvest	 index	 (the	 ratio	 of	 harvested	 grain	 to	
total	shoot	dry	mass)	of	crop	progenitors	would	be	higher	than	that	
of	other	wild	species.
2  | MATERIALS AND METHODS
2.1 | Plant material




region	which	were	 never	 domesticated.	 The	 crop	 progenitors	were	
Hordeum vulgare	ssp.	spontaneum	 (barley),	Triticum monococcum	ssp.	

















see	 acknowledgements),	which	 collates	 all	 published,	 and	 some	un-
published,	archaeobotanical	reports	for	Late	Epipalaeolithic	and	Pre-	
Pottery	Neolithic	sites	throughout	the	Fertile	Crescent.	These	species	
were Aegilops speltoides,	Avena fatua,	Avena sterilis,	Bromus brachyt-
sachys,	Eremopyrum bonaepartis,	Hordeum marinum	ssp.	gussoneanum,	
Phalaris paradoxa and Secale strictum.	All	seeds	were	provided	by	the	
National	 Plant	 Germplasm	 System	 (United	 States	 Department	 of	




2.1.2 | Equal sowing density experiment
We	 used	 same	 three	 crop	 progenitor	 species	 (short	 list)	 as	 in	 the	
equal	 seed	mass	 experiment.	 Here,	 there	 were	 six	 other	 wild	 spe-
cies,	namely	A. speltoides,	A. fatua,	A. sterilis,	H. marinum	 ssp.	gusso-
neanum,	H. murinum	ssp.	glaucum and P. paradoxa.	Between	one	and	
14	accessions,	originally	collected	from	western	Asia,	were	used	for	
each	 species	 depending	 on	 availability.	 Seeds	 were	 obtained	 from	





2.2.1 | Equal seed mass experiment
For	 the	equal	 seed	mass	experiment,	 seeds	were	weighed	 individu-
ally	 after	 the	 outer	 glumes	were	 removed.	 In	 late	May	 2012,	 they	
were	germinated	in	a	1:1	mixture	of	John	Innes	no.	2	compost	(LBS	









Other wild grass Crop progenitor
(a) Low density
(b) High density
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with	conditions	set	to	approximate	the	growing	season	in	the	Fertile	
Crescent.	 Temperature	 was	 20°C/10°C	 (day/night),	 with	 an	 8	hr	
photoperiod	 and	 photosynthetic	 photon	 flux	 density	 (PPFD)	 of	
300 μmol m−2	s−1.
Following	 germination,	 when	 seedlings	 reached	 the	 two-	leaf	
stage,	 they	were	 transferred	 to	a	 second	cabinet	at	4°C	 (with	 the	
same	light	regime)	for	a	6–8	week	vernalization	treatment	to	stim-
ulate	 flowering.	 Once	 vernalization	 was	 completed,	 plants	 were	
moved	 in	 July	 2012	 to	 a	 glasshouse	 (Arthur	 Willis	 Environment	
Centre,	 Sheffield,	 UK),	 and	 individuals	 planted	 in	 monocultures	
within	11	L	 square	pots	 (21	cm	×	21	cm	×	25	cm)	 again	with	 a	1:1	
mixture	of	John	Innes	no.	2	compost	and	Chelford	52	washed	sand.	









with	 additional	 light	 provided	 on	 cloudy	 days.	A	 subset	 of	 spikes	
(at	 least	 five	 per	 plant)	was	 covered	with	 translucent,	 cellophane	
crossing	bags	(Focus	Packaging	and	Design	Ltd,	Scunthorpe,	UK),	to	
prevent	seed	dispersal	prior	to	measurements.
2.2.2 | Equal sowing density experiment
For	 the	 equal	 sowing	 density	 experiment,	 which	 took	 place	 from	
November	2015	until	March	2016,	seeds	were	weighed	and	germi-
nated	on	filter	paper,	then	kept	in	a	growth	chamber	20°C/10°C	(day/
night)	 (Sanyo,	 Panasonic,	 Etten	 Leur,	 The	 Netherlands).	 Once	 ger-












watering	was	 reduced	 to	 fit	 with	 the	 lowered	 requirements	 of	 the	
plants.	To	avoid	 seed	dispersal,	 the	 spikes	of	 focal	plants	were	cov-
ered	 in	 handmade	 muslin	 cloth	 bags.	 Approximately	 4	weeks	 after	
replanting,	aphids	were	seen	on	the	plants,	which	were	treated	with	
a	 systemic	 pesticide	 (“Chess	WG”,	 Syngenta).	After	 this,	Chrysoperla 
carnea and Aphidius colemanii	were	applied	fortnightly	as	a	biocontrol.	
Plants	 were	 grown	 until	 maturity	 in	 late	 April,	 except	 for	Hordeum 
spontaneum,	which	were	disposed	of	127	days	after	germination	due	
to	a	suspected	mildew	infection.
2.3 | Experimental design and measurements
2.3.1 | Equal seed mass experiment
The	 equal	 seed	 mass	 experiment	 used	 a	 randomized	 block	 design	
with	 six	blocks	 in	 total.	 Each	block	 contained	one	pot	of	 each	 spe-
cies	where	possible.	Maximum	culm	height	was	measured	at	maturity	
for	 the	 tallest	plant	per	pot.	Seeds	were	harvested	as	 soon	as	 they	
























planted	 seed	 and	 the	number	of	 fertile	 tillers	 (in	which	 seeds	were	












squares,	using	 the	pgls	 function	 in	 the	caper	 package	 (Orme,	2013).	
Differences	in	plant	traits	between	crops	and	their	progenitors	were	
tested	 as	 a	 fixed	 effect,	 for	 example:	 mod	 <−	 pgls(ln.yield~status,	
data	=	dat,	λ	=	“ML”).	All	variables	were	 natural	 log	 (ln)	 transformed,	
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apart	from	percentage	reproductive	biomass	and	harvest	index	which	


























significantly	 higher	 in	 crop	 progenitors,	 as	 was	 HI	 (p <	.0001	 in	 all	
cases).	Stand	yield	varied	among	the	species	within	both	groups,	rang-





genitors	and	other	wild	species.	 In	this	experiment,	 tiller	mass	 (seed	
yield	per	 tiller)	was	higher	 in	 crop	progenitors	 (3.0	×	higher,	p <	.05,	





other	wild	 species	 (57%	compared	with	50%),	but	 this	was	not	 sta-
tistically	significant.	Maximum	height	also	did	not	differ	significantly	
between	 crop	 progenitors	 and	 other	 wild	 species.	 However,	 mean	
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(c) Seed yield per tiller
−6 −4 −2 0 2 4 6
ln (seed yield per tiller) mg
































































3.2 | Effect of intraspecific competition
Comparisons	of	data	from	the	stand	experiments	with	published	data	

















as	 individuals	 in	terms	of	 tiller	number	disappearing	when	 in	stands	
(Figure	4).
Harvest	index	(HI)	was	also	affected	by	intraspecific	competition,	
with	 HI	 reduced	 for	 all	 species	 when	 growing	 in	 stands	 (Figure	5).	
There	was	 a	 significantly	 greater	 percentage	 reduction	 in	 HI	 under	
competition	 for	other	wild	 species,	 compared	with	crop	progenitors	











Harvest	 index	 (HI)	differs	between	crop	progenitors	and	closely	 re-
lated	wild	species,	when	plants	grow	in	stands.	Whilst	there	are	signs	
that	yield	per	unit	 area	may	also	differ	between	 the	 two	groups	of	
species,	 HI	 seems	 to	 show	 larger	 and	more	 consistent	 differences.	
Importantly,	 this	 difference	 in	 HI	 is	 seen	 only	 when	 plants	 experi-
ence	 intraspecific	competition,	because	competition	 impacts	HI	 less	
severely	 in	 crop	progenitors	 than	other	wild	 species.	This	disparity,	
between	results	from	experiments	with	plants	grown	as	individuals	or	
under	competition,	shows	the	importance	of	experiments	that	grow	
plants	 in	 a	 range	of	different	 conditions.	We	also	provide	evidence	
that	the	size	of	tillers	on	each	plant	is	a	characteristic	that	separates	
crop	progenitors	from	closely	related	wild	species.




obotanical	 data.	 Evidence	 from	 the	 weed	 floras	 accompanying	 the	
archaeological	remains	of	cereals	from	later	periods,	where	the	archae-
obotanical	evidence	is	more	plentiful,	suggests	that	in	Early	Neolithic	
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and	genetic	evidence	to	suggest	that	domestication	was	an	extended	






4.1 | The importance of high harvest index for crop 
progenitors
Harvest	 index	 (HI)	 is	 a	way	of	measuring	crop	production	 that	has	
been	used	by	agronomists	for	decades	(Donald,	1962)	and	is	the	ratio	
of	 the	 yield	 of	 grain	 to	 the	 total	 plant	 biomass.	High	HI	 is	 known	
to	be	a	key	trait	of	modern	day	crops	(Aranjuelo	et	al.,	2013;	Araus,	
Slafer,	Reynolds,	&	Royo,	2002;	Hay,	1995;	Parry	et	al.,	2010),	and	















of	 values	 to	 that	 of	 the	other	wild	 species.	 In	 our	 attempts	 to	 ex-
plain	 the	 domestication	 of	 our	 earliest	 cereal	 crops,	 therefore,	 the	





Another	 indication	 that	 HI	 cannot	 have	 been	 the	 only	 charac-
teristic	determining	which	species	were	domesticated	is	seen	in	the	
case	 of	Avena	 (wild	 oat).	The	 two	Avena	 species	 both	 have	 higher	
HI	 (and	 total	 seed	yield)	 than	 the	 three	wheat	species	 (two	known	
progenitors	and	T. araraticum,	a	possible	progenitor).	This	raises	the	
question	of	why	oat	was	domesticated	later	than	wheat	and	barley,	









Neolithic	 in	 the	Fertile	Crescent,	and	were	only	domesticated	 later	
(probably	in	Europe)	(Weiss	et	al.,	2006).	A	number	of	factors	might	
explain	this	difference	among	species,	including	competitive	ability,	
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for	 crop	 progenitors	 in	 this	 study.	 In	 fact,	 gains	 in	 yield	 over	 the	

















adequate	water	and	nutrients,	 the	most	 limiting	resource	 is	 light,	so	
for	an	individual	plant	to	be	successful	it	should	grow	tall	and	produce	




the	 costs	 are	 shared	 among	 the	whole	 population	 (in	 this	 case,	 the	
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4.2 | Tiller size and total seed yield
The	 data	 from	 the	 equal	 seed	 mass	 experiment	 indicated	 that	 the	
total	seed	mass	per	tiller	was	nearly	twice	as	high	in	crop	progenitors	
as	in	closely	related	wild	species,	and	this	matches	previous	findings	
for	plants	grown	 individually	 (Preece	et	al.,	 2015).	 In	 terms	of	early	




























the	 success	 of	 the	 species,	 through	 induced	 herbivore	 resistance	
(Glinwood	et	al.,	2003)	or	changes	 in	soil	nutrient	availability,	 such	
as	 to	 increase	 phosphate	 and	micronutrient	 availability	 (Bais	 et	al.,	
2006).	Thus,	yield	differences	between	crop	progenitors	and	other	
wild	 species	may	 only	 be	 apparent	 after	 a	 number	 of	 consecutive	
years	in	the	same	soil.	Nonetheless,	yield	differences	between	crop	
progenitors	 and	 other	 wild	 species	 are	 less	 consistent	 than	 other	
	harvest	characteristics.
4.3 | Changes in tillering under competition
Through	comparisons	with	previous	work	where	plants	were	grown	
in	 isolation,	we	observed	 that	 crop	progenitors	and	other	wild	 spe-
cies	differed	 in	how	tiller	number	 is	affected	by	competition.	When	




duce	 an	 average	 of	 three	 tillers	 per	 plant,	 such	 that	 the	 advantage	
of	 the	other	wild	species	disappears.	This	offers	 support	 to	 the	hy-
pothesis	that	tillering	of	progenitors	and	their	cultivated	descendants	
would	be	 less	 affected	by	 intraspecific	 competition	 than	 tillering	of	
other	wild	species.
As	 cultivation	 progressed	 and	 people	 became	 more	 dependent	
on	domesticated	species,	sowing	density	may	have	 increased	and,	 if	
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conditions	with	low	competition.	Therefore,	in	later	agricultural	peri-
ods,	more	importance	should	be	given	to	the	tiller	data	from	the	ex-
periments	 under	 competition,	which	 indicate	 that	 tiller	 size	 is	more	





generally	 lower	and	more	 stable	 tiller	numbers	containing	 the	 three	
crop	 progenitors	 plus	 the	 two	 Avena	 species,	 and	 a	 second	 group	














in	drought	 and	elevated	CO2	 conditions	 (Dias	de	Oliveira,	 Siddique,	
Bramley,	 Stefanova,	&	Palta,	 2015;	Mitchell,	 Rebetzke,	Chapman,	&	
Fukai,	2013;	Tausz-	Posch	et	al.,	2015).
5  | CONCLUSIONS
Our	 results	 show	 that	 cereal	 crop	 progenitors	 produce	 a	 greater	
proportion	 of	 harvestable	 material	 in	 stands	 than	 closely	 related	
wild	 grass	 species	 but	 the	 same	 number	 of	 tillers,	 indicating	 that	
they	are	less	affected	by	intraspecific	competition	than	close	rela-






allocation	 to	 grains.	 This	 suggests	 that	 factors	 other	 than	HI	may	
have	 had	 a	 greater	 effect	 on	which	 species	were	 selected	 during	
the	process	of	domestication,	or	that	HI	was	one	of	multiple	factors	
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